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The structural and magnetic properties of the NdMn, ¢Tiy ;Si, compund have been
studied by high-intensity x-ray and high-resolution neutron powder diffraction,
specific heat, dc magnetization, and differential scanning calorimetry measurements
over the temperature range of 3-450 K. The Curie temperature and Néel temperature
of layered NdMn, ¢Ti, ;Si, are indicated as T¢ ~ 22 K and Ty ~ 374 K respectively.
The first order magnetic transition from antiferromagnetic [AFil-type] to
ferromagnetic [F(Nd)+Fmc] around Tc is found in layered NdMn; ¢Tij;Si, and is
associated with large magnetocaloric effect. This behavior has been confirmed as a
contribution of the magnetostructural coupling by using neutron and x-ray powder
diffraction. The magnetic entropy change —ASy ~ 153 J kg™' K and adiabatic
temperature change AT,y ~ 4.7 K have been determined using magnetization and
specific heat measurement under 0-5 T applied fields. This compound exhibits
almost no thermal and magnetic hysteresis, thus potentially applicable in low

temperature region for magnetic refrigerator material.

© 2014 Atom Indonesia. All rights reserved

INTRODUCTION

The magnetocaloric effect (MCE) has become
an interesting area of research in the field of
magnetic materials, with increasing prospects as the
basis of magnetic cooling which potentially replaces
conventional refrigeration systems over appropriate
temperature regions [1-3]. Recently, magnetic
materials with large MCE have been extensively
studied experimentally and theoretically in order to
produce suitable materials for actual applications
[4-6]. First order magnetic phase transition materials
appear to be promising candidates. However,
normally such materials also exhibit large thermal
and field hysteresis and temperature and magnetic
field dependent magnetization. This behavior limits
their usage in practical applications. Thus, the
objective of our research is to find suitable new
materials with large MCE which are free from
any hystereses. Such compounds need further
investigation, and it is important to understand
their basic properties which contribute to their
large MCE.

The ternary intermetallic compounds of the
RT,X; (R = rare earth, T = transition metal, X = Si
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or Ge) family have attracted considerable attention
due to their rich variety of interesting phenomena,
including superconductivity, magnetism, mixed
valence, heavy fermions, and Kondo behavior [7,8].
The RT,X, compound form in the ThCr,Si,
structure (space group [4/mmm), and the naturally
layered nature of this crystal structure leads to an
extreme sensitivity of the magnetic order to the
interatomic distances [9].

Here, we present a detailed investigation of
the influence of replacing Mn atoms by Ti atoms on
the magnetic structure and magnetic phase transition
in  NdMn,,Ti,Si, compounds (NdMn;¢Ti,;Si,).
The main interest is to explore the effects of
replacing Mn atoms of atomic radius r(Mn) = 1.35
A and electronic configuration Mn (3d°4s”) with the
larger Ti atoms of atomic radius r(Ti) = 1.45 A and
electron configuration Ti (3d°4s”). In the case of
NdMn,_Co,Si, [10] for example, replacement of Mn
by the smaller Co atoms, r(Co) = 125 A of
electronic configuration Co (3d'4s”), leads to a
decrease in magnetic entropy change from ~ 14.4 J
kg' K" with x =0.2to 12.4 J kg K" with x = 0.4
(AB = 0-5 T) but the Curie temperature T¢c ~ 45 K
does not change with (x=0.2, 0.4, 0.8 and 1). In this
study, we will explore the effects of Ti substitution
for Mn in the NdMn,Si, compound on the structural
and magnetic properties, as the substitution is
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expected to increase the distance between magnetic
atoms, thus modifying the magnetic states of both
the Nd and the Mn-sublattices.

EXPERIMENTAL METHODS

The layered NdMn, ¢Ti,;Si, was prepared by
arc melting. It was subsequently annealed at 900°C
for one week in an evacuated quartz tube to improve
the crystallization of the sample [11] and then
quenched in water. The crystal structure of the
sample was checked by room temperature powder
x-ray diffraction (XRD) measurements using CuKy,
radiation with the diffraction patterns refined

using the Fullprof software package [12].
The magnetic behavior and transitions were
investigated by  superconducting  quantum

interference device (10-300 K) and differential
scanning calorimetry (DSC) (300450 K)
measurements. The crystallographic and magnetic
structural behaviors of the layered NdMn, ¢Tig;Si,
sample were investigated over the temperature range
of 3-450 K by powder neutron diffraction
experiments using the Echidna high resolution
powder diffractometer (wavelength A = 1.622(1) A)
at the Open Pool Australian Light Water Reactor
(OPAL), Lucas Heights, Australia and the high
intensity x-ray powder diffractometer (wavelength
L =0.688(1) A) at the Australian Synchrotron.

RESULTS AND DISCUSSION

The room temperature x-ray diffraction
(XRD) data at Fig. 1 shows that layered
NdMn; ¢Tig;Si, crystallize in the ThCr,Si, type
structure  with space group [4/mmm [13].
The measured data from the diffraction patterns
were analysed using the Rietveld refinement
technique [12]. It was found that the substitution of
Ti for Mn does not change the crystal structure but
leads to an expansion of the unit cell compared
with pure NdMn,Si, [22,28]. The lattice constants
a = 4.0088 (5) A and ¢ = 10.557 (5) A, and
correspondingly the unit cell volumes V = 169.66
(8) A®, were found to increase with the Ti content
consistent with the larger atomic radius of Ti
compared to Mn.

The temperature dependence of the
magnetization of NdMn; ¢T1,;Si, was measured in a
magnetic field of B = 0.01 T over the 10-300 K
temperature range. The result is shown in Fig. 2
together with the differential scanning calorimetry
(DSC) curves over the 300-450 K temperature
range. The value of the Néel temperature Ty ~ 374 K
and the Curie temperature Tc ~ 22 K for the

2

compound, as defined by 1/M versus temperature
and the maxima of the dM/dT versus temperature
graphs, respectively (inset to Fig. 2). For the DSC
measurements, the phase transition temperatures
were determined by the maxima of the DSC signals.
Comparison of results obtained under otherwise
identical conditions for cooling and warming
revealed no thermal hysteresis.
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Fig. 1. X-ray diffraction pattern of the NdMn, ¢Ti, ;Si, compound
at room temperature.
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Fig. 2. Temperature

dependence
NdMn, ¢Tij ;Si, as measured in a field of 0.01 T (left axis; red
symbols for zero field cooling, ZFC, and blue symbol for field
cooling, FC); and differential scanning calorimetry measurements
for the 300-450 K temperature range (right axis; solid green
symbols). The value of TC is defined from dM/dT (inset).

of magnetization of

The substitution of Ti in NdMn,Si, is also
expected to weaken the exchange interactions of
Mn-Mn between layers and the Mn-Nd due to the
magnetic dilution effect. Moreover, the change in
electronic environment from replacing Mn (3d°4s”)
by Ti (3d°4s%) is also expected to influence the
magnetic structures and states of the NdMn,_, Ti,Si,
compounds as confirmed by another study [14].
This is supported by Density Functional Theory
calculations for RMn,Ge, (R =Y or Ca) compounds
[15] which indicate that to a large extent, the
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magnetic moment is determined mainly by the
Mn-Mn interatomic distances, while the interstitial
electron density contributes to the change in
magnetic structures, as have been confirmed by
neutron diffraction analysis [14].

Basically, giant MCE values and magnetic
entropy changes are usually obtained with a first
order magnetic transition due to a large rate of
change of magnetization compared with
materials that exhibit a second order transition.
The magnetization curves for NdMn,¢Tiy;Si, for
fields in the 0-5 T range around their ferromagnetic
ordering temperatures show almost no magnetic
hysteresis and very small hysteresis loss around
0.8 J kg as defined from another reference [14],
indicating the advantage of this material for real
application. Furthermore, the Arrott plots are found
to be S-shaped near Tc; this indicates a negative
order of the sign of the coefficient c2(T) in the
Landau expansion of the magnetic free energy [16],
thereby denoting a first order magnetic transition.

The magnetic entropy change, -ASy;, has been
determined for the NdMn,Ti;Si, compound
from the magnetization curves for both increasing
and decreasing field strengths as functions of
temperature and magnetic field (AB = 0-5 T)
as shown in Fig. 3. The magnetic entropy change
has been derived by applying the standard Maxwell
relation [17]:
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Fig. 3. Magnetic entropy change values of NdMn, ¢Ti,,Si, as
measured in a field of 0-5 T (left axis; red symbols for decrease
and black symbol for increase field); and adiabatic temperature
values of NdMn, ¢Ti;Si, as measured in fields of 0,2, and 5 T
(right axis; green symbols).

As shown in Fig. 3, the -ASy values (from
increasing and decreasing field) have a small
different respectively. The changes in magnetic
entropy for NdMn, ¢Tiy;Si, ferromagnetic ordering
temperatures are indicated in this paper as
calculated from decreasing applied fields in order to

satisfy the suitability of different experimental and
related analytical approaches to establish the
isothermal entropy change [18].The entropy values
at the Curie temperature are -ASy; ~ 15.3 J kg'' K'!
(AB=0-5T) and -ASy ~ 9.8 T kg K' (AB=0-2T)
at Tc ~ 22 K respectively. Nevertheless it is noted
that the MCE values of -ASy ~ 15.3 J kg"' K for
NdMn, ¢Tig;Si, at 0-5 T applied field is comparable
with MCE values for other materials [19,20] in the
temperature region below 100 K; particularly
important is the very small field hysteresis losses of
the compound.

The magnetic entropy change, -ASy; (7, B), has
also been derived from heat calorimetric
measurements of the field dependence of heat
capacity using the following expression [2,21,22]:

¢(T,B)—C(T,0)

-A8y(T, B) = [ ((PE-0) gr 2)

where C(T,B) and C(T, () are the values of the
heat capacity measured in field B and zero
field, respectively. The corresponding adiabatic
temperature change, AT,, can be evaluated from -
ASy;(T,B) and the zero field heat capacity data as:

AT,y (T,B) = jo r (Z—I;’)BdB 3)

Cp

The AT,4values are calculated from the set of
heat capacity measurement obtained for
NdMl’ll‘gTio_ISiz with B = 0, 2 and 5 T. The
corresponding AT,qvalues are shown in Fig. 3
(left side). The peak value of the adiabatic
temperature change is AT;x** ~ 4.7 K for AB=0-5T.
As shown in Fig. 3, the maximum magnetic entropy
change for NdMn,¢Tip;Si, as determined from
magnetic measurements using the Maxwell relation,
namely -ASy™ ~ 153 J kg K" and 9.8 J kg K
for AB = 0-5 T and 0-2 T, are comparable to the
maximum entropy change -ASy™ ~ 15 J kg"' K
and 9.3 J kg' K' as determined from the heat
capacity measurement [14]. The good agreement
between the two sets of measurements confirms that
the -ASy; values derived for NdMn, ¢Tio;Si, from
the magnetization measurements represent the MCE
behaviour within experimental errors [4,5,23].

As shown by the series of x-ray diffraction
patterns in Fig. 4, the NdMn, ¢Ti,,;Si, compound is
single phase and exhibits the body centered
tetragonal ThCr,Si,-type structure (space group
14/mmm) over the temperature range ~10-300 K.
No change in crystal structure is observed over this
temperature range although, as discussed below, the
a lattice parameter is found to increase slightly
around T¢c ~ 22 K while the ¢ lattice parameter
decreases. The patterns have been analysed using
the Fullprof [12] software, and the changes in
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lattices parameters a and ¢ around T¢ (as volume
change AV/V ~ 0.4%) was found to agree well with
the neutron data as discussed below. The x-ray
diffraction analysis result in Fig. 4 (inset) together
with coexistence of two phases (AFil and Fmc + F
(Nd) phases) across magnetic transition indicate first
order magnetic behaviour.
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Fig. 4. X-ray diffraction patterns of NdMn, ¢Ti,Si, over the
temperature range T = 10-300 K (A= 0.8265(8) A); and
coexistence behaviour of two phases AFil and Fmc + F (Nd)
phases as indicated by the arrow (inset).

The  NdMn,oTip;Si,  compound  was
investigated by neutron diffraction measurements
over the 3-450 K temperature range as the aims of
the work were to determine the magnetic structures
and to explore structural changes at the transition
temperatures. The diffraction patterns (A = 1.622 (1)
A) and Rietveld refinements obtained for
NdMn, ¢Tip;Si, at 450 K, 100 K and 3 K are
shown in Fig. 5(a-c) respectively. The selected
temperatures typify the behavior of NdMn, ¢Tig;Si1,
in the three magnetic regions (paramagnetic-
antiferromagnetic-ferromagnetic) as indicated from
the magnetization and DSC measurements of Fig. 1.
Rietveld refinements of the neutron diffraction
pattern at 450 K (Fig. 5(a)) confirm that
NdMn, ¢Tio;Si, has the ThCr,Si, structure as
expected. The absence of magnetic scattering above
Tn ~ 374 K in reflections such as (101), (111) and
(112) is consistent with a paramagnetic (PM) state.
(¢f. e.g. the disordered magnetic states (PM)

observed in similar materials [11,24,25]).
NdMn, ¢Tip;Si, is found to exhibit the
antiferromagnetic interlayer coupling structure

(AFil) down to T¢ ~ 22 K (see e.g. the 100 K pattern
of Fig. 5(b)) below Ty ~ 374 K. The AFil structure —
a collinear antiferromagnetic structure between
adjacent Mn planes in a + - + - sequence along the c-
axis — is indicated by the magnetic scattering observed
at the (111), (113) and (201) reflections; (extinction
rules i + k=2n and h + k + [ = 2n+1) in agreement
with Dincer et al [25]. Furthermore, the absence of
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magnetic scattering from the (111), (113) and (201)
reflections at 3 K in Fig. 5(c), combined with the
increase in intensity of the (112) and (101) peaks,
indicate that the interlayer spin components of the Mn
moments align parallelly, thus leading to a canted
ferromagnetic structure (Fmc) for the Mn sublattice.
The presence of the purely magnetic peak (001) below
Tc indicates the existence of antiferromagnetic
component of Mn moment in the ab-plane [26]. At
lower temperatures (e.g. 3 K; Fig. 5(c)), the increase in
the intensities of the (112) (contributions from both
Nd and Mn-sublattices) and (101) (contribution only
from Nd-sublattice [26]) reflections further indicate an
additional contribution from Nd moments coupled
parallel to the Mn moments along c-axis, thereby
leading to the formation of Fmc+F(Nd) magnetic
structure as depicted in Fig. 6. This behavior agrees
well with the results of Welter ef al. [27] who
demonstrated that in the RMn,Ge, compounds with
R= Pr and Nd, rare earth moments ferromagnetically
coupled with the Mn sublattice at low temperatures.
This behavior, also applicable to NdMn,Si, [26] and
NdMn,Si; 6Gep4 [5] compounds, is due to the
exchange interaction between the light rare earth
elements and 3d transition metal as reported by
Coey [28]. Ordering of the Nd sublattice in
NdMn,Si, below T¢ has also been confirmed by
Chatterji et. al [29] from inelastic neutron
scattering.
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Fig. 5. Neutron diffraction patterns for NdMn, ¢Ti;Si, at 450
K, 100 K, and 3 K, respectively. The star symbols represent the
observed patterns and the red solid lines the refined patterns.
The blue lines represent the differences between the observed
and refined patterns; the vertical bars indicate the Bragg peak
positions for the nuclear (top), Fmc magnetic (middle) and AFil
magnetic (bottom) structure respectively.
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The variation in the a and ¢ lattice parameters
with temperature are plotted in Fig. 6. Both the a
and c¢ values exhibit a monotonic decrease with
temperature in the region of the antiferromagnetic
transition between Ty ~ 374 K and T¢ ~ 22 K, while
below Tc ~ 22 K, the a lattice parameter expands
slightly from 3.998 A at 35 K to 4.001 A at 3 K
whereas the c¢ lattice parameter decreases from
10.536 A at 35 K to 10.523 A at 3 K. The variation
in lattice parameters a and ¢ shown in Fig. 6 for the
PM, AFil, and Fmc+F(Nd) states is comparable and
agree well with x-ray diffraction patterns.
The changes in lattice parameter at T¢ ~ 22 K, when
the magnetic state changes from AFi/ to Fmc+F(Nd)
structure, indicates the presence of strong
magnetostructural coupling around Tc. As discussed
recently [8,30], the strong magnetostructural
coupling leads to a large structural entropy change
around the magnetic phase transition, thereby
contributing to the total entropy change around Te.
The contribution of the structure’s volume
expansion effects to the MCE value for AB=0-5T
is found to be -ASgructra~ 1.25 T kg'1 K' as
estimated using the method from K. A. Gschneidner
et al. [30].
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Fig. 6. The lattice parameters of NdMn, ¢Tiy;Si, as a function
of temperature defined from neutron (open symbols) and x-ray
(closed symbols) diffraction pattern; magnetic structure for
Fmec + F(Nd)-type below and AFil-type above T as shown
together in the figure include percentage of volume change.

CONCLUSION

A systematic investigation of the structural
and magnetic characteristics of the NdMn, ¢Tig;Si;,
compound has been carried out. Substitution of Ti
for Mn leads to decreases in the Curie temperature
and the Néel temperature from Tc ~ 36 K and Ty ~
380 K for NdMn,Si, to T¢ ~ 22 K and Ty ~ 374 K.
A metamagnetic transition from the
antiferromagnetic (AFil-type) to the ferromagnetic
state due to the application of magnetic field was

observed above Tc for the NdMn,Tiy;Si,
compound. Substitution of Mn by Ti leads to a small
reduction of the magnetic entropy change. However,
analysis of the magnetization data demonstrates that
the first order magnetic transition of NdMn,Si,
around T¢ remains unchanged on replacement of
Mn by Ti (x=0.1), and this substitution eliminates
the thermal hysteresis and significantly reduces the
magnetic hysteresis loss, thus providing a promising
material for magnetic refrigerator application.
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